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Long term preservation of functional engineered tissues can significantly advance tissue 
engineering industry and regenerative medicine.  Several preservation techniques have 
been proposed and investigated for this purpose, and cryopreservation is a leading 
candidate. While tissues are cryopreserved, ice forms in both the extracellular and 
intracellular spaces and causes freezing-induced spatiotemporal deformation of the tissue.  
During this process the cells undergo dehydration by the freezing-induced osmotic 
pressure difference and mechanical deformation, transmitted through cell-extracellular 
matrix adhesions.  However, the significance and interaction of these cellular level 
transport and mechanics processes are not well understood. Therefore, this study aims to 
establish mechanistic understanding of these interactions so that cryopreservation of 
functional engineered tissues can be achieved.  First, the relative significance of both 
processes was quantified.  Two groups of tissue constructs were created- i) engineered 
tissue (ET) with MCF7 human breast cancer cells, and ii) ET with osmotically inactive 
fluorescence microparticles.  Tissue deformations were measure through cell image 





cellular dehydration, during freezing was insignificant at the experimental cell 
concentrations examined in this study. 
 
Second, based on this result, a hypothesis was tested that modulation of cytoskeletal 
structure can minimize the freezing-induced deformation and improve the 
cryopreservation outcome.  As model ETs, dermal equivalents were created with three 
different cytoskeletal and cell-matrix adhesion configurations were created.  After 
exposing these dermal equivalents to freeze/thaw (F/T), the post-thaw actin structures and 
cellular viability were examined as well as tissue deformation measured using CID.  
Additionally, the effects of cytoplasmic properties on the mechanical behavior of a cell 
embedded in a 3D matrix were analyzed using a biphasic model to estimate the stress 
distributions that develop within the cell during tissue deformation.  Stress fibers formed 
due to the different cell configurations resulted in better actin structure preservation at a 
higher tissue deformation.  Additionally, the stress was estimated to be highest at the 
localized adhesion sites at the end of the stress fibers, which may be the cause of low 
membrane integrity of the stress fiber induced configurations.  This may indicate that if 
the cytoplasmic strength increased and the tissue deformation decreased (with the 








CHAPTER 1. INTRODUCTION 
Cryopreservation, preserving tissues by freezing, can provide long-term storage of 
various biological tissues, and can significantly impact tissue engineering and 
regenerative medicine.  Successful cryopreservation of tissues requires the functionality 
of tissues to be maintained.  This includes mechanical, optical, and transport properties, 
as well as cellular viability.  These properties are highly dependent on the microstructure 
of the extracellular matrix (ECM).   This is because ECM plays an important role in 
tissue physiology through structural support, cell-matrix interaction, and interstitial fluid 
transport.  Thus, the ECM regulates cell morphology and proliferation [1, 2] and 
intercellular signaling [3].  Through cell-matrix interactions, the cells present within the 
tissue can remodel the ECM such as induce wound healing [4, 5].  Therefore, 
microstructure of the ECM needs to be preserved in order to guarantee the post-thaw 
functionality of tissues [6, 7].  
 
 As tissues are cryopreserved, ice forms in both intracellular and extracellular spaces.  
The formation of ice is thought to be the source of damage to the ECM microstructure 
and cells present.  Intracellular ice formation has been thought to be a major cellular 
injury mechanism  [1].  Recently, extracellular ice formation has been studied for its 





ECM microstructure in post-thaw tissues has been reported using MRI, multiphoton-
induced auto-fluorescence and second harmonic generation microscopy, or histology [11-
14].  In these studies, successful preservation of tissue functionality has been reported by 
preserving the ECM components including elastin and collagen in the aortic and 
pulmonary valves and articular cartilage [6, 15]. However, there is still little known about 
the changes that the ECM properties undergo during freezing/thawing. 
 
Recent studies have suggested that freezing induces a spatiotemporal redistribution of 
interstitial fluid and subsequent ECM swelling which contribute to changes in the 
microstructure of the ECM [16-18]. A theoretical model based on the poroelastic theory 
was also proposed to correlate the redistribution of interstitial fluid with ECM swelling 
during freezing [16]. In addition, this freezing-induced deformation of tissues has been 
measured by a new experimental technique, cell image deformetry (CID), where quantum 
dot-labeled cells in collagen matrix were tracked to quantify spatiotemporal displacement 
[18].  In a later study, a biophysical mechanism of the cell-fluid-matrix interaction and its 
effect on freezing-induced deformations were studied by changing cell density and the 
collagen content of engineered tissues (ET) [17].  ETs with a higher cellular density and 
collagen content experienced higher deformation and subsequent larger post-thaw 
structural changes.  
 
In the freezing-induced cell-fluid-matrix interaction, cells were thought to decrease the 
freezing-induced deformation by providing additional mechanical support via cell-matrix 





osmotic pressure-driven cellular water transport during freezing.  However, the 
contribution of cell-ECM adhesion or cellular water transport to the freezing-induced 
tissue deformation was difficult to delineate [17].  This was mainly due to active 
fibroblast-driven ECM remodeling during the sample preparation, including ECM 
contraction and collagen synthesis [4, 5]. These cell-matrix interactions prior to 
freeze/thaw (F/T) experiments resulted in unintentionally varied ECM microstructure and 
properties.  The first study, thus, aims to investigate the significance of these two 
competing mechanisms in freezing-induced cell-fluid-matrix interactions to further 
address cell- and tissue- specific outcomes of cryopreservation originating from the 
extent of cell-ECM adhesion and cellular water transport.   
 
In order to further investigate the significance of the cell-matrix interaction, the second 
study examines the importance of cell-matrix adhesion configuration within the ECM.  
Cell-matrix interaction can be altered by modulating cytoskeletal structure and cell-
matrix adhesion configuration.  The cytoskeleton structure have previously been changed 
by seeding the cells using a stiffer substrate [19, 20], changing collagen concentration 
with in the ECM [17, 19], chemical or growth factor induction [19, 21], inducing focal 
adhesions [22, 23], and applying static forces through the application of weights or 
preventing matrix remodeling [24].  By modulating the cytoskeleton and developing 
stress fibers, localization of integrin will begin to occur which will increase localized 





Therefore, it was hypothesized that the deformation of the cells and matrix during 
freezing can decrease by increasing adhesion and cytoskeleton strength.  To test this 
hypothesis, the second study investigates the changing cytoplasmic properties in cell 





CHAPTER 2.  ROLE OF CELLS IN FREEZING-INDUCED CELL-FLUID-MATRIX 
INTERACTIONS WITHIN ENGINEERED TISSUES 
2.1 Objective 
In this study, the contributions of the presence of cell-ECM adhesion and cellular water 
transport on freezing-induced deformation were investigated. Experiments were 
conducted with two different types of model engineered tissues – i) ETs with human 
breast cancer cells (MCF7), and ii) ETs with polystyrene beads. The MCF7 cells were 
selected for this study because they minimally remodel the ECM including minimal 
synthesis of collagen and minimal contractile forces on the ECM, unlike the fibroblast 
examined previously [26].  The beads, whose sizes were similar to the MCF7 cells, were 
selected to simulate osmotically inactive cells without cell-ECM adhesion. Therefore, it 
was possible to decouple the effects of cellular water transport from cell-matrix 
interactions.  Freezing-induced deformation characteristics of both ETs were measured 
by the CID method during directional freezing and compared to delineate the significance 






2.2 Materials and Methods 
2.2.1 Cell Culture and Reagents 
A human breast carcinoma cell line (MCF7) was maintained in culture medium 
(DMEM/F12, Invitrogen) with 5% fetal bovine serum, 2 mM L-glutamine, 100 µg/mL 
penicillin/streptomycin, and 10 µg/mL insulin. The MCF7 cells were cultured in 20 mL 
of supplemented culture medium in 75 cm
2
 T-flasks at 37°C and 5% CO2.  Cells were 
collected by using 0.05% trypsin and 0.53 mM EDTA. 
 
The collected cells were labeled with quantum dots (Qtracker 655, Invitrogen) as shown 
in Figure 2-1 and previously described in Reference [18] with adjustment of the cellular 
uptake incubation time by increasing it to 1 hour at 37°C. 
 
Microspheres (Fluoresbrite® YG Microspheres, Polysciences, Inc.), shown in Figure 2-1, 
with a 20 µm diameter were used as osmotically-inactive and cell–matrix adhesionless 






Figure 2-1: MCF7 cells (left column, A and C) and Fluoresbrite® YG Microspheres 
(right column B and D) embedded in engineered tissues. Images A (MCF7 cells) and B 
(microspheres) are imaged with the bright field of a confocal microscope (Olympus 
IX71).  Images C and D are fluorescent images, the MCF7 embedded QDs, C, imaged 
with the TRITC filter and the microspheres, D, imaged with the FITC filter.  
 
2.2.2 Engineered Tissues 
The quantum dot-labeled cells were suspended in 2 mL collagen solution made from high 
concentration type 1 rat tail collagen (BD Biosciences, Bedford, MA) such that 3 mg/mL 
was the final collagen concentration as described previously [18].  The collagen solution 










glutamine, 6% fetal bovine serum and 2.3% 1 N sodium hydroxide with distilled water to 
make a final volume of 2 mL. The final cell and microsphere concentrations were such 
that each collagen solution contained 2 x 10
5
 cells or microspheres/mL for the normal 
cellular concentration.  Additional cellular concentrations consisted of 4 x 10
5
 cells/mL 
(referred to as doubled cellular concentration) and 8 x 10
5
 cells/mL (referred to as 
quadrupled cellular concentration).   As previously described [18], the collagen solution 
was placed in a chamber slide (Lab-Tex II, Nunc) and allowed to polymerize at 37°C for 
1 hour.  After this, 2 mL of supplemented medium was added, and the ET was incubated 
for 24 hours before freezing. 
 
2.2.3 Cell Image Deformetry during Freezing 
Tissue deformation during freezing was quantified using CID technique.  As a brief 
description of the CID method, the ETs with quantum dot-labeled cells or fluorescent 
microspheres were frozen on a temperature-controlled stage with two separately 
controlled temperature reservoirs separated by a 6 mm gap.  The temperature reservoirs 
were maintained at -20°C and 4°C to induce a temperature gradient across the 6 mm gap 
in the x-direction.  During the induced freezing, successive fluorescence images were 
obtained using a fluorescent macro/microscope (MVX10, Olympus) with 2X 
magnification.  Images were obtained at an interval of 1 s with a high sensitivity CCD 
camera (Qimaging Retiga 2000R).  The images were then cross-correlated with a 10 s 
interval and divided into 32x32 pixel interrogation windows using DaVis 7.1 software 





2-1, at each window in the image plane.  The deformation rates were then used to 








,      (1) 
where u and v are the calculated deformation rates (µm/s) in the x and y directions, 
respectively. 
 
Figure 2-2: Schematic of directional freezing stage used during the freeze/thaw process 
for CID measurements, actin structure integrity and cellular viability.  X = 0 indicates the 
edge of the frozen controlled temperature platform.  This location is the reference for all 
location imaged [18]. 
 
2.2.4 Statistical Analysis 
All experimental data were repeated in replicates of at least 3 and are presented in the 










2.3.1 Deformation of ETs with Osmotically Active Cells and Osmotically Inactive 
Microspheres 
Figure 2-3 depicts the dilatation of the normal concentration MCF7 (2 x 10
5
 cells/mL) 
and microsphere ETs when the freezing interface reaches location X(t) = 2000 µm from 
the -20°C platform.  As previously observed [17], there was expansion behind and 
compression prior to the frozen interface due to ice formation.  The y-averaged 
deformation rates, in Figure 2-4, for both the MCF7 and the microsphere ETs reach a 
maximum rate at the interface.  Further comparing the dilatation, Figure 2-4, when X(t) = 
2000 µm and X(t) = 4000 µm, the MCF7 cellular ET had a maximum dilatation of 
approximately 0.006 s
-1
 and minimum of approximately -0.002 s
-1
.  As for the 
microsphere ETs, the maximum dilatation was approximately 0.005 s
-1
 and a minimum of 
-0.002 s
-1
 with the freezing front at the same locations.  The dilatation rates for the MCF7 
cells and microspheres were thus similar for both expansion as well as compression, 
differing by approximately 0.001 s
-1
.  However, the dilatation had two well defined 
expansion peaks for the microsphere ET compared to normal concentration MCF7, which 









Figure 2-3: Dilatation (n≥3) of normal MCF7 concentration (A) and microsphere ETs (B) 
at X(t) = 2000 µm. 
 







Figure 2-4: The y-averaged deformation (top row) and dilatation rates (bottom row) at X(t) 
= 2000 µm and 4000 µm for (A and C) the normal MCF7 cell concentration and (B and 










2.3.2 Deformation of ETs with Osmotically Active Cells at Higher Cellular 
Concentrations 
In order to further understand the effects of cellular presence within the ET, the cellular 
concentrations were increased to double and quadruple the normal cellular concentration. 
The dilatations when X(t) = 2000 µm were shown in Figure 2-5 for both cases.  Again, 
the maximum deformation rate occurred at the interface, while the dilatation showed 
expansion behind the interface due to ice formation, and a slight compression before the 
interface.  Figure 2-6 plotted the y-averaged deformation rates and dilatation for both the 
doubled and quadrupled concentrations.  For X(t) = 2000 µm, the maximum dilatation 
was approximately 0.006 s
-1
 for both higher cellular concentrations.  This was similar to 
both the normal concentration and the microspheres, indicating that ET deformation 
during freezing in all four cases is the same.  Comparing the MCF7 ETs, as the 
concentration increased, the overall maximum deformation rate, shown in Figure 2-4 and 
Figure 2-6 decreases.   There were also differences in the shape of the overall dilatation 
patterns.   First, as the cellular concentration increased a noticeable change in the y-
averaged dilatation slopes occurred, as shown Figure 2-4 and Figure 2-6.  As the 
concentration increased, the y-averaged slopes became higher indicating a thinner region 
of dilatation.  Further examining Figure 2-4 and Figure 2-6, there was a loss of the double 
expansion peak, shown in both the normal concentration of MCF7 cells and microspheres, 
as the cell concentration increased.  Additionally, there was a reduction in the magnitude 








Figure 2-5: Dilatation (n≥3) of doubled MCF7 concentration (A) and quadrupled MCF7 
concentration ETs (B) at X(t) = 2000 µm. 
 







Figure 2-6: The deformation (top row) and dilatation rates (bottom row) at X(t) = 2000 
µm and 4000 µm averaged along the y-axis for (A and C) the doubled MCF7 cell 
concentration and (B and D) the quadrupled MCF7 cell concentration. 
 
2.4 Discussion 
Since fibroblasts, employed in the previous studies [17, 18], significantly remodel both 
the ECM microstructure and macroscopic appearance of the ETs during the incubation, it 
was difficult to isolate the two phenomena. While examining the dilatation measurements 






shown in Figure 2-4 and Figure 2-6, it was noticed that the maximum dilatation remained 
approximately the same regardless of the experimental group.  This indicated that the 
different groups experience similar deformations during induced freezing.  The similar 
deformations in turn suggest that ice formation induced similar strains on the ETs.  
However, upon further examination of the dilatation characteristics (Figure 2-3 and 
Figure 2-5), the overall pattern of dilatation within the temperature gradient was different 
for each group.  It has been reported [17] that the magnitude of freezing-induced 
deformation increased as the cell concentration increased in engineered dermal 
equivalents. Based on the present results, this increase was thought to be mainly caused 
by remodeled ECM by fibroblasts.  Using the MCF7 cell line provided a cellular model 
that limits any cell-driven matrix remodeling [27] while providing a membrane that 
permits water transport through osmosis.  The pattern, not the magnitude, of the dilatation 
changed with the MCF7 concentration or the presence of the osmotically inactive 
microspheres, suggesting that at these concentrations, water transport from the 
intracellular to the extracellular matrix was not significant due to only a deformation rate 
decrease of approximately 1µm/s, as shown in Figure 2-4.  However, the pattern changed 
as the cellular interaction increases from no interaction with the microspheres to the 
highest cellular interaction due to the highest MCF7 cell concentration.  In particular, the 
width of the expansion region decreases leading to a thin, single peak with the 
disappearance of the double peak in the dilatation rate as cell concentration was increased.  
Two different expansions may be represented by the double peak, the formation of ice as 
well as water transport that occurs within the mushy zone [28] of the frozen zone during 






matrix interaction present between the MCF7 cells and ECM, which although limited, 
may play a role in confining this expansion as the cellular concentration quadruples.  As 
the cellular concentration increases, the number of cell-matrix adhesions and intracellular 
water available for transport increases accordingly.  Additionally, the increase in cell-
matrix interaction could provide additional support through crosslinks and matrix 
remodeling, which may result in the minimization of the second peak as cell 
concentration increased.  However, the cellular concentration used experimentally does 
not significantly alter tissue deformation, resulting in the possibility that the cell-matrix 
adhesions, although limited, play a role during tissue deformation, either by altering the 
ECM microstructure or by the presence of the higher quantities of MCF7 cells. 
 
In conclusion, this study indicated the magnitude of the freezing-induced expansion of 
engineered tissues was not affected by the intracellular water transport i.e., freezing-
induced cellular dehydration.  However, there was evidence which suggests that cell-







CHAPTER 3. EFFECTS OF CYTOSKELETAL STRUCTURE ON THE POST-THAW 
FUNCTIONALITY OF ENGINEERED TISSUES 
3.1 Objective 
In order to test if the modulation of cytoskeletal structure can minimize the freezing-
induced deformation and improve the cryopreservation outcome, human dermal 
fibroblasts were embedded into a type I collagen matrix in three different ways to induce 
three different cytoskeleton organizations and inducing stress fiber formation.  By 
embedding the fibroblasts differently within the matrix with different resistance to matrix 
remodeling through compaction has shown to develop stress fibers within the matrix [20]. 
Therefore, by embedding the fibroblast differently within the matrix induced different 
cytoskeleton structures.  The three different cytoskeleton organizations were used to 
examine the effects of an increase in cytoskeleton stiffness on cellular and tissue 
cryopreservation.  The ETs then underwent freeze/thaw process to examine actin 
preservation, tissue deformation measured through CID, and cellular viability.  The 
stresses experienced by the fibroblasts were modeled by simulating a fibroblast within a 







3.2 Materials and Methods 
3.2.1 Cell Culture and Reagents 
Human foreskin fibroblast (BR5) culture was maintained in culture medium (DMEM/F12, 
Invitrogen) with 10% fetal bovine serum, 2 mM L-glutamine and 100 µg/mL 
penicillin/streptomycin. Fibroblasts were cultured in 20 mL of supplemented culture 
medium in 75 cm
2
 T-flasks at 37°C and 5% CO2.  Cells were collected by using 0.05% 
trypsin and 0.53 mM EDTA. 
3.2.2 Engineered Tissues 
The collected fibroblasts were seeded in three ways in a collagen solution to form three 
different cytoskeleton structures.  ETs with 3D structures were prepared by creating a 2 
mL collagen (~3 mg/ml collagen concentration) matrix with BR5 cells (~2x10
5
cells/mL) 
integrated throughout the matrix during polymerization as reported in Teo et al [18].  The 
3D control (3D CTR) was created by detaching the ET from the chamber slide after 1 
hour incubation, such that ET compaction can occur.  3D stressed structures (3D STR) 
were constructed by creating the same protocol as described for the control; however, on 
a chamber slide with an adhesive substrate (CC2 treated Lab-Tex II, Nunc) were used so 
that ETs were not detached from the substrate, as illustrated in Figure 3-1 [24].  2.5D 
structures were constructed by first polymerizing 3mg/mL collagen concentration for 
approximately 30 minutes in a chamber slide at 37°C.  After polymerization, fibroblasts 
(~2.6x10
4
cells/mL) were seeded on top the collaged and cultured in supplemented 
DMEM/F12 for an hour or until the cells adhered to the collagen matrix.  An additional 
layer of 3mg/mL collagen was layered atop the fibroblasts and allowed to polymerize.  






density with the 3D groups via the approximate number of cells in the field of view found 
in the 3D control. The ETs were cultured in supplemented DMEM/F12 for approximately 
24 hours. 
 
Figure 3-1: Diagram depicting the procedure for each cytoskeleton configuration. A) The 
3D CTR configuration was formed by mixing the fibroblasts in the collagen solution and 
allowing polymerization.  After polymerizing, the ET was removed from the chamber 
slide walls by floating the ET and allowing for ET compaction. B) 3D STR was formed 
with the same cell embedding technique as the 3D CTR, but the polymerized in a CC2 
treated chamber slide with the ET remaining intact with the walls during the 24 hour 
incubation.  C) 2.5D configuration was formed by first polymerizing half of the collagen 
solution, then seeding the cells on top of the ET.  Once cells have adhered another 
collagen layer was polymerized on top of the seeded cells. 
 
3.2.3 Cell Image Deformetry during Freezing 
CID techniques, as described in [18], was used to calculated the tissue deformation 
during freezing for each configuration.  For a brief description, ETs with quantum dot-
labeled cells were placed on a temperature controlled directional stage with a 6mm gap 











4°C.  Fluorescent time lapse images were obtained with a fluorescent macro/microscope 
(MVX10, Olympus) with 2X magnification and a high sensitivity CCD camera 
(Qimaging Retiga 2000R) at intervals of 1 s.  Deformation rates were calculated by  
cross-correlating the images with a 10 s interval then dividing them into 32x32 pixel 
interrogation windows with DaVis 7.1 software (LaVision).  The deformation rates in the 







,      (2) 
where u and v are the deformation rates (µm/s) calculated in the x and y directions, 
respectively. 
 
3.2.4 Assessment of Post-Thaw Viability and Cytoskeletal Structure 
For visualizing actin structures and organizations, the ETs were frozen as described for 
the CID with controlled temperature gradients set at -20°C, -40° and -60°C to 4°C.  The 
ETs were then allowed to thaw and incubated in culture medium at 37°C and 5% CO2 for 
approximately 3 hours.  The ETs were fixed with 3% paraformaldyhyde, blocked with 2% 
bovine albumin serum, permeabilized with 0.5% Triton and stained with Alexa Fluor 
Phalloidin 488 (Invitrogen).  Images were taken using a fluorescent microscope (BX51, 
Olympus) with a CCD camera (DP72, Olympus) at 20X magnification at locations           
X = -2.5 mm, 0.5mm, 3.5mm and in the unfrozen region, where X = 0 at the edge of the 







Cellular viability was determined by a membrane integrity assay after the freeze and thaw 
protocol as described previously with Hoescht 33342 and Propidium iodide (Sigma 
Aldrich).  Images were taken using DAPI and TRITC filters at 10X magnification at 
locations X(t) = 0 mm, 1 mm, 3 mm, 4 mm, 6 mm, and 7 mm.  A corrected viability was 
evaluated to take into consideration the number of live cells in the unfrozen region (x = 7 






 .    (3) 
The corrected viability was used to incorporated the cell number changing due to cell 
survival and re-growth in the ET which may undergo cell detachment, proliferation, 
and/or migration [17]. 
 
3.2.5 Cellular Stress Calculation during Tissue Deformation 
In order to further understand the effects of the cytoskeletal strength on the cell-matrix 
interaction, a theoretical analysis was performed using the biphasic model.  To simulate 
the stress a cell undergoes during tissue deformation, a model using the biphasic theory 
has been used to calculate both the structural mechanical and fluidic stresses that occur 
during deformation as described in [16, 29-31] to simulate cell and soft tissue mechanics.   
Assuming all solid and fluid properties are constant for each extracellular and 
intracellular domain, the force balance can be described as follows: 






where σ is the elastic stress, and p  is the hydraulic pressure.  Gravitational forces were 
assumed to be neglected due to the micron scale of the model.  Further, the stress was 
determined by 
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,     (5) 
where λ is the elastic modulus and u  is the displacement of the ECM structural 
components. To examine only the stress imposed on the cell during tissue deformation, 
the thermal effects were neglected thus the only induction of stress would be solely from 
expansion of the tissue.  The strain through a relationship with the displacement of the 
collagen cytoplasm was further calculated via volumetric strain on the matrices. 
 
The fluid component can be described by the continuity equation,  
 
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where ρ is the density, εp is the porosity of the matrix, κ is the permeability, p is the 
pressure, µ is the dynamic viscosity, Qm is the fluid source term (assumed to be only 
produced by fluid displacement), and fV  is relative fluid velocity.  The properties and 
parameters used in this study can be found in Table 3-1.  Using this formulation, 
geometry of a block of tissue surrounding a single cell was examined.  A 3D block was 






Embedded in the middle of the tissue is an ellipsoid shaped cell with a length of 200 µm 
in the x direction and a circular cross sectional area with a 20 µm diameter.   The 
dimensions of the cell were estimated using the measurements measured in the actin 
images found in Figure 4.  The physics controlled mesh was generated using the built in 
mesh generation tool in COMSOL.  It was further assumed that the boundary between the 
cell and ECM was continuous thus neglecting any osmotic effects that may occur due to 









Figure 3-2: Schematic of the geometry used to model the stress in a cell during tissue 
deformation.  The tissue geometry is a cube with a height, width, and length of 300 µm, 
the cell consists of an ellipsoid with a long axis length of 200 µm and a cross-sectional 
diameter of 20 µm. A prescribed displacement is applied to the walls of the tissue in the x 
direction as shown by the arrows.  The remaining tissue sides have a free boundary 
condition. 
 
By neglecting the presence of a cell membrane, the model can examine the effects of 
changing cytoplasmic properties in direct correlation with the ECM without the 
additional osmotic stress that may due to a buildup of osmotic pressure at the cell 
membrane [30].  It was further assumed to have an infinite number of adhesions 
uniformly connecting the cell to the matrix [32-35], thus, deformation of the matrix will 














deformation rate of 5 µm/s and 1.5 µm/s was applied in the x direction in correlation to 
the displacement rates of the 3D CTR [17] and 3D STR measured through CID.  The 
remaining tissue boundaries were assumed to be free surfaces.  The governing equations 
were solved using a finite element solving package (COMSOL).  In order to simulate the 
effects of the cytoskeletal structure and corresponding strength, the elastic modulus of the 
cytoplasm was varied from ranged from 0.1 – 100 kPa [36-38] based on the configuration 
studied.  Additionally, the effects of the corresponding cytoplasmic permeability were 
examined by varying it at a range of 1 x 10
-17
 – 10-13 m2 [32, 37, 38] with a constant 
elastic modulus of 100 Pa.  The lower elastic modulus was used to potentially maximize 
any effect the permeability may have without any major effect from the elastic modulus 
alone. 
 
Table 3-1: ECM and Cytoskeleton Properties. 
Parameters Values Reference 
ECM Young’s Modulus (λ) 89.1 Pa [39] 
Density (ρ) 999 kg/m
3 
[16] 





Porosity (εp) 0.9 [39] 
Dynamic Viscosity (µ) 8.9 x 10
-4
 Pa s [31] 
Poisson’s Ratio (υ) 0.3 [16] 
Cytoplasmic Young’s Modulus 0.1-100 kPa [36, 38] 
Cytoplasmic Permeability 1 x 10
-17







3.2.6 Statistical Analysis 
All experimental data were repeated in replicates of at least 3 and are presented in the 
form: mean ± standard error of the mean. 
 
3.3 Results 
3.3.1 Tissue Deformation Effects on Cytoskeleton Configuration 
The cytoskeleton structures developed from the different cellular seeding configuration, 
as shown in Figure 3-1, were imaged to examine both the actin structure and the overall 
cell structure, Figure 3-3.  As shown, an increase in the actin presence in the extensions 
in both the 2.5D and 3DSTR was found compared to the dendritic extensions of the 3D 
CTR.  While examining the cytoskeleton organization of the three different groups in 
Figure 3-3, it was noticed that groups 3D STR and 2.5D had the formation of stress fibers 
due to the higher presence of actin compared to the dendritic extensions seen in the 3D 
CTR.  The presence of the stress fibers may indicate a cytoskeleton that increases in 
stiffness ranging from 3D CTR, 3D STR to 2.5D.  As the presence of stiffness increases 
reaching the 2.5D the cells structure begins to resemble fibroblast in a 2D configuration 
on a plastic substrate at which the stiffness is the highest [19, 24].  This further confirms 
the prevention of ET compaction in the treated chamber slide and the seeding of 
fibroblasts in a collagen matrix sandwiched configuration does provide resistance to ET 
compaction which allows fibroblasts to develop the stress fibers compared to the free 







Figure 3-3: The cellular structures in each configuration, 3D CTR (left column), 3D STR 
(middle column) and 2.5D (right column) are shown in bright field (top row) and the 
actin structure in green (bottom row).  Scale bar is equal to 100 µm. 
 
Furthermore, the effects of freeze/thaw on the cytoskeleton structures frozen at -20°C, -
40°C, and -60°C, shown in Figure 3-4.  Actin structure preservation increased as the 
initial actin presence is higher (3D STR and 2.5D) when frozen at -20°C; however, there 
were regions in the stress fibers found in both the 2.5D and 3D STR in which fluorescent 
intensity were weakened in the frozen/thawed region indicating that there was a possible 
loss of some actin structure.  Furthermore, when frozen below -20°C few actin structures 








Figure 3-4: The actin structures (shown in green) of each configuration, 3D CTR (left 
column), 3D STR (middle column) and 2.5D (right column), after freeze/thaw at 
temperatures of - 20°C (top row), - 40°C (middle row), and - 60°C (bottom row. Images 
taken at 20X magnification at X(t) = 0.5 mm.  Scale bar is equal to 100 µm. 
 
3.3.2 Freezing-Induced Deformation of ETs with Stress Fibers 
In order to further understand the preservation of the cytoskeleton at -20°C of the 3D 
STR and 2.5D, the tissue deformation was measured via CID.  The dilatation at X(t) = 
2000 µm, shown in Figure 3-5, indicated a higher dilatation in the 3D STR ETs compared 
to the 2.5D ETs at the freezing interface, shown by the dotted line. The maximum 
dilatation at X(t) = 2000 µm was measured to be ~0.001 s
-1
 for 3D STR and ~0.003 s
-1
 for 
the 2.5D group.  The dilatation was comparable to the dilatation previously measured for 






experienced throughout the progression of the frozen interface can be found in Figure 6.  
As shown, at X(t) = 2000 µm the 3D STR underwent approximately 100% larger 
deformation at ~5 µm/s than the 2.5D ET and 3D CTR ET at ~1.5 µm/s [17].  As the 
frozen interface progressed towards the 4°C reservoir, the deformation rates and 
dilatation for became more similar, indicating only a larger deformation was experienced 









Figure 3-5: (A) Maximum deformation rates (n ≥ 3) for both 2.5D and 3D STR 
configuration at each location X(t) measured. (B) Maximum dilatation (n ≥ 3) for both 
2.5D and 3D STR configuration at each location X(t) measured. Dilatation (n ≥ 3) at X(t) 
= 2000 µm for 2.5D (C) and 3D STR (D).  
 
3.3.3 Effects of Tissue Deformation of Post-Thaw Cellular Viability 
Cellular injury induced by freeze/thaw tissue deformation at -20°C was characterized by 
measuring the membrane permeability.  The corrected viability was calculated for 2.5D 
and 3D STR, as shown in Figure 3-6.  The frozen/thawed region (X(t) < 5000 µm), 






reservoir the 2.5D group has corrected cell viability less than 30% while the 3D STR 
group has a corrected viability at approximately 50%.  This indicated the 2.5D group has 
a significantly lower viability closest to the cold reservoir.  Furthermore, as the location 
gets closer to the frozen/thaw interface (x = 3000 and 4000 µm) the viability becomes 
similar between both groups. 
 
Figure 3-6: Corrected viability of 2.5D and 3D STR at locations in the unfrozen and 
frozen regions post-thaw. 
 
3.3.4 Cellular Stress Calculation during Tissue Deformation 
The biphasic model was used to simulate the stress distribution within the cell during 






STR, a significantly higher stress formed at the tips of the cell, shown in the stress 
distributions, Figure 3-7.  Figure 3-8 showed the ends of the cells where there is a 
localized higher stress with respect to the rest of the cell.  Figure 3-9A showed the 
maximum von Mises stress (magnitude of shear and tensile stresses) values experienced 
by the different deformation rates and Young’s moduli.  With an elastic modulus of 1 kPa, 
the ends of the cell undergoes almost a 400% increase in stress between the 1.5 µm/s 
deformation rate to the 5 µm/s rate experimentally measured.  In comparison, when 
studying the effects of the young’s modulus of 10 kPa, the stress value estimated for a 
deformation of 1.5 µm/s in the 2.5D group experienced a stress of ~20 Pa, which is 
similar to the 3D STR experienced under the 5 µm/s rate.  Furthermore, the stress 
experienced for the modulus of 0.1 kPa increased only from ~0.5 to ~1.7 Pa when 
increasing the deformation.  These values were significantly less than any of the stresses 
experienced in the configuration containing stress fibers.  Additionally, the total 
displacement was matched to confirm the effect of the deformation rate by increasing the 
total time of the 1.5 µm/s.  When the time was extended to 3.35 s, it was seen that the 
maximum stress was the same for both deformation rates confirming that the deformation 








Figure 3-7: The simulated von Mises stress (Pa) for the 100 Pa elastic modulus (top row), 
1 kPa (middle row) and 10 kPa (bottom row) at a deformation rate of 1.5 µm/s (left 









Figure 3-8: The simulated von Mises stress (Pa) for the 100 Pa elastic modulus (left 
column), 1 kPa (middle column) and 10 kPa (right columnw) at a deformation rate of 1.5 
µm/s (top row) and 5 µm/s (bottom row) at t = 1 s in the x-y plane along the center plane 
of the cell focused at the tip of the cell. 
 
Figure 3-9: (A) Maximum stress (Pa) experience by the cell depended on Young’s 
modulus and deformation rate. Stress distribution in the tissue and cell after t = 1 s and t 
= 3.35 s for a deformation rate of  1.5 µm/s 5 µm/s for the 3 moduli used to model the 3 
cytoskeleton organizations 3D CTR. (B) Maximum stress (Pa) experience by the cell 







Furthermore, the maximum stress values experienced by the different deformation rates 
and cytoplasmic permeability were calculated, Figure 3-9B.  As the permeability 
decreased, there was no significant change for either deformation rate.  However, when 
the total time increased for the 1.5 µm/s rate such that total displacement equaled the 




) showed a lower stress 
than the 5 µm/s.   
 
3.4 Discussion 
3.4.1 Effects of Cytoskeleton Structure on Cryoresponse of Engineered Tissues 
When each group of cytoskeleton organization underwent tissue deformation during the 
frozen/thaw process at the temperatures of -20°C, -40°C, and -60°C, Figure 3-4, it was 
apparent that the 3D STR and 2.5D structures sustained the least cytoskeleton damaged 
compared to the 3D CTR at a freezing temperature of -20°C.  The 3D STR group 
appeared to have the highest preservation of the actin structure comparatively.  This may 
indicate an increase in stiffness, or the presence of stress fibers, may help cytoskeleton 
preservation compared to the 3D CTR; however, since the 3D STR showed to have less 
stress fiber development than the 2.5D; this may make the 3D STR more elastic and able 
to undergo a higher deformation than the 2.5D.  Furthermore, as the freezing temperature 
decreased to -40°C and -60°C, no cytoskeleton preservation was visible after thawing.  
As the temperature gradient increased between the two reservoirs, a larger tissue 
deformation occurs [18].  This significant increase in dilatation may be beyond the 
threshold that a cell can withstand when embedded within a matrix.  Therefore, even 






increase in stiffness may no longer be effective at lower temperatures in a 3D 
configuration.  
 
Figure 6 showed the maximum deformation rates and dilatation measured throughout the 
freezing process.  The 3D STR underwent a larger deformation than measured in the 
2.5D groups and 3D CTR previously recorded [17].  This larger deformation, especially 
near the cold reservoir, may be due to the lack of ET compaction.  The total volume of 
the gel remained at 2 mL in the 3D STR while in the 3D CTR group, the total volume 
decreases removing the presence of water within matrix; thus, a higher collagen to water 
ratio would be found in the 3D CTR than the 3D STR.  This increase in water presence 
increases the available water to form ice crystals within the matrix, thus increasing the 
deformation.  The lack of ET compaction resulting in a larger tissue deformation was 
additionally found when MCF7 cells were embedded in the matrix shown in Chapter 2. 
 
With the presence of the higher dilatation in the 3D STR, this may be a cause of the lack 
of a significant increase in cell viability that was initially anticipated by the preservation 
of the actin structures after freezing and thawing.  As shown by Figure 3-6, the 3D STR 
viability was similar to the 3D CTR reported in [17].  Furthermore, it was found that the 
2.5D had a significantly lower viability near the cold reservoir even with no significantly 
higher deformation rates.  This may be the result of the stiffness of the actin structure 
increasing past the critical point in which the elastic properties are unable to recover from 
the tissue dilatation at 0.003 s
-1






in which stress build up either at the cell-matrix adhesion or nucleus adhesion is so large 
it breaks thus lowering the cell survival.   
 
Stiffer cytoskeletons (in 2D configuration) has been shown to play an important role 
during cell survival during cryopreservation [41, 42]  Furthermore, the internal actin 
structure may become more susceptible to intracellular ice formation due to the larger 
cell area formed in the initial configuration; however, this has not been studied. 
 
3.4.2 Cellular Stress during Tissue Deformation 
The estimated stress experienced by the 10kPa at the lower experimentally measured 
deformation rate was found to be similar to the stress simulated for the cytoplasmic 
elastic modulus 1 kPa at the higher deformation rate; while both were significantly higher 
that the stress calculated for the lower Young’s modulus most likely due to the increase 
in cellular stiffness.  This stress may be underestimated and may play an even larger role 
in potential cell viability.  First, the presence of a cell membrane may provide additional 
internal stress due to a build of osmotic pressure as the membrane permeability changes 
in correlation with the temperature decrease [43-47].  Additionally, by neglecting the 
temperature change to examine solely the stress induced by tissue deformation may 
further underestimate any intracellular stress due to intracellular ice formation [48-51].  
Therefore, neglecting both the membrane presence and the intracellular ice formation 
effects on the stress may indicate that the lack of presence of a strong cytoskeleton 
structure may increase the stress formed by intracellular ice due to a possible higher 







The stresses estimated where the highest at the ends of the cells, at which the highest 
stress occurs, was assumed to be where the majority of the stress fibers would end 
suggesting creation of stronger adhesion sites similar to the formation of a focal adhesion 
(found in 2D cell configurations on hard substrates) [24, 25, 52, 53].  Presence of a higher 
stress at what may be a localization of adhesion sites may reach a threshold of the 
adhesion strength resulting in a potential cell rupture.  Currently, cell adhesions strengths 
are mostly modeled and measured in the 2D configuration, generally on hard substrates 
due to the ease of cell visualization and manipulation [25, 52-55].  Although focal 
adhesions were not found in the 3D, or even 2.5D configurations due being surrounded 
by collagen matrix and larger distribution of adhesion molecules throughout the cell 
membrane [20].  A stronger adhesion to the matrix indicated by the presence of stress 
fibers may hinder the flexibility of cells to quickly remove the adhesion during rapid 
deformation (as seen in freezing).  Remaining adhered to the matrix would further induce 
the deformation of the tissue onto the cells which would add the deformation stress to the 
intracellular ice formation.  Thus, cell viability would be lower as found in the 2.5D 
organization, comparatively.  Therefore, both the experimental results and the stress 
simulation suggest there is a strong correlation between the deformation a cell can 
withstand and their cytoskeleton organization. 
 
Additionally, with the organization of actin into stress fibers creating a change in elastic 
modulus, there may also be a change in cytoplasmic permeability.  Organization of the 






cytoplasm.  This higher permeability would further allow osmotic stresses to equalize 
between the ECM and cell reducing any concentration of stress within the cell or at the 
cell-matrix interaction.  Although the changes in permeability with a 100 Pa elastic 
modulus provided minimal change in the stress estimated, a higher permeability along 
with an increase in elastic modulus may overall increase cell viability during ET 
cryopreservation.  A combination of the ability for cells to easily dehydrate during 
freezing to minimize intracellular ice formation and an increase in stiffness and cell-
matrix adhesion to withstand the tissue deformation could potentially provide a safer 
solution to minimize changes in tissue functionality post-thaw.  Furthermore, with a 
natural increase in both permeability and cytoplasmic stiffness, the addition of a low 
concentration of dimethyl sulfoxide (DMSO) would provide an additional cell and tissue 
dehydration to lower freezing-induced tissue deformation at a safer concentration. 
Overall, this combination may potentially increase tissue functionality post-thaw in a less 
toxic process. 
 
In conclusion, this study examined the effects of the cell-matrix interaction through 
cytoskeletal organization during tissue cryopreservation.  Evidence suggests an increase 
in stress fiber formation was found to increase actin structure preservation.  However, it 








CHAPTER 4. CONCLUSION 
Overall, this study indicated the intracellular water transport during freezing-induced 
cellular dehydration did not affect the magnitude of the freezing-induced expansion of 
engineered tissues.  Furthermore, it suggested that cell-matrix interactions may have an 
effect on the tissue deformation patterns during freezing due to the difference in tissue 
deformation patterns produced as cell-matrix adhesion increased.  These effects of cell-
matrix interaction were further investigated through the cytoskeletal organization during 
tissue cryopreservation.  Actin structure was found to be better preserved when stress 
fibers were developed in the 3D configuration; however, more damage was done as the 
cytoskeletal structure resembled that a 2D configuration.   Therefore, the presence of 
stress fibers may help prevent damages against the stresses developed within the cell 
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APPENDIX: SUPPORTING FIGURES 
 
Figure A 1: The frozen interface location with respect to time as it progressed during 
tissue freezing on the controlled temperature platforms for the experimental groups of 
MCF7 at normal (A), double (C) and quadruple (D) concentrations and the microsphere 
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Figure A 2: Images of the progression of the frozen interface at approximately X(t) = 
2000 µm as it progressed during tissue freezing on the controlled temperature platforms 
for the experimental groups of MCF7 at normal (A), double (C) and quadruple (D) 
concentrations and the microsphere group.  The white dots result from the quantum dots 











Figure A 3: Averaged vector fields measured using Particle Image Velocimetry from the 
experimental runs (n ≥ 3) for each corresponding group.  The vector fields are located 
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Figure A 4: The actin structures (shown in green) of each configuration, 3D CTR (bottom 
row), 3D STR (middle row) and 2.5D (top row) at X = -2.5 mm (left column) and X = 3.5 
mm (right column). Images taken at 20X magnification at X = 0.5 mm.  Scale bar is equal 













Figure A 5: The frozen interface location with respect to time as it progressed during 
tissue freezing on the controlled temperature platforms for the experimental groups 2.5D 




Figure A 6: Images of the progression of the frozen interface at approximately X(t) = 
2000 µm as it progressed during tissue freezing on the controlled temperature platforms 
for the experimental groups of 2.5D (A) and 3D STR (B)The white dots result from the 
quantum dots within the cells or the fluorescent microspheres respectively.  Scale bar is 










Figure A 7: Averaged vector fields measured using Particle Image Velocimetry from the 
experimental runs (n ≥ 3) for 2.5D (A) and 3D STR (B).  The vector fields are located 
when the phase change interface is located at X(t) = 2000 µm.   
 
 
Figure A 8: Physics controlled mesh generated by COMSOL.  
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